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Problem of Photochemical Equilibrium of Ozone 

in Planetary Atmospheres: Ozone Distribution 

in the Lower Atmosphere of Mars 

BY 
Shardanand and Gerald Grams' 

National Aeronautics and Space  Administration 

Wallops Island, Virginia 

SUMMARY 

Several investigators have applied techniques used for the study of the ozone 

distribution in the terrestrial atmosphere to the atmospheres of other planets. This 

paper shows that such techniques cannot be applied indiscriminately to calculate 

photochemical equilibrium distribution of ozone in planetary atmospheres. Limitations 

associated with some of the earlier treatments of photochemical equilibrium distri

butions of ozone in planetary atmospheres are discussed, and a technique having more 

universal application is presented. In addition, ozone concentration profiles for 

the Martian atmosphere based on the results of the Mariner 4 radio occultation 

experiment and the more recent results from Mariner 6 and Mariner 7 have been 
calculated using this approach. 

INTRODUCTION 

The basis for quantitative discussion of the photochemical production of 

atmospheric ozone is the assumption of photochemical equilibrium whereby the number 

of ozone molecules formed equals the number destroyed in unit time and unit volume. 

In most studies of equilibrium distributions of ozone, the analysis treats only the 
photochemical reactions which would occur in an atmosphere of atomic and molecular 
oxygen (0 and 02) and ozone (03) in the presence of inert molecules (M). For this 

*Associated with the National Center for Atmospheric Research, Boulder, 


Colorado. 
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case, t h e  b a s i c  photochemical r e a c t i o n s  are: 

O2 + hv -f 0 + 0 a2 

0 + O2 + M -+ O 3  + M k2 

0 + o3 -+ o2 + o2 k3 

03 + h v + 0 + O 2  "3 

0 + 0 + M + O2 + M kg 

0 

X 2424 A-

(3)  

0 

X 5 11,800 A ( 4 )  

(5) 

where a ' s  r e p r e s e n t  t h e  p r o b a b i l i t y  of d i s s o c i a t i o n  of  molecules  and k ' s  r e p r e s e n t  

t h e  r e a c t i o n  rate cons t an t .  The t h i r d  body, M y  conserves  energy and momentum i n  

t h e  r e a c t i o n .  It is no t  necessary  t o  i n c l u d e  r e a c t i o n s  invo lv ing  e x c i t e d  molecules  

whose c o n t r i b u t i o n s  t o  t h e  equ i l ib r ium c o n c e n t r a t i o n s  are n e g l i g i b l y  small ( r e f .  1). 

The method of Wulf and Deming ( r e f s .  2 & 3 ;  see a l s o  Cra ig ,  r e f .  4 )  f o r  c a l c u l a t i n g  

equ i l ib r ium amounts of ozone is commonly used f o r  ana lyses  of  t h e  ozone d i s t r i b u t i o n  

i n  t h e  terrestrial  atmosphere. This  method u t i l i z e s  r e a c t i o n s  (1) through ( 4 )  

on ly ,  t h e  i n c l u s i o n  of r e a c t i o n  (5) i s  regarded  t o  have a n e g l i g i b l e  e f f e c t  on t h e  

numerical  c a l c u l a t i o n s  f o r  t h e  a l t i t u d e s  of i n t e r e s t  i n  t h e  terrestrial atmosphere. 

The model of ozone photochemistry developed by Wulf and Deming has  been a p p l i e d  

i n  several s t u d i e s  of t h e  atmospheres of Mars and Venus. For example, some con

c lus ions  about  t h e  s t r a t o s p h e r i c  c i r c u l a t i o n  and wind p a t t e r n s  of Mars w e r e  de r ived  

by Pae tzo ld  ( r e f .  5) from h i s  c a l c u l a t e d  v e r t i c a l  d i s t r i b u t i o n  of ozone. However, 

Marmo e t  a l .  ( r e f .  6) took except ion  t o  t h e  u s e  of  t h i s  method f o r  t h e  s tudy  of  t h e  

atmosphere of ano the r  p l a n e t  and inc luded  r e a c t i o n  (5) i n  t h e i r  c a l c u l a t i o n s  of t h e  

ozone d i s t r i b u t i o n  i n  t h e  Mar t ian  atmosphere. The i r  r e s u l t s  demonstrated t h e  

importance of t h e  d i r e c t  a s s o c i a t i o n  of oxygen atoms by three-body c o l l i s i o n s  f o r  

t h e  Mar t ian  atmosphere. I n  a d d i t i o n  t o  a s h a r p  r educ t ion  i n  t h e  t o t a l  amount of 

ozone i n  t h e  atmosphere, s i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  shape of t h e  ozone concen t r a t ion  
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p r o f i l e  w e r e  ob ta ined .  The ozone concen t r a t ion  p r o f i l e  c a l c u l a t e d  by Marmo and h i s  

co-workers i nc reased  monotonically w i t h  decreas ing  a l t i t u d e  t o  a maximum a t  t h e  

s u r f a c e  of t h e  p l a n e t ,  as opposed t o  t h e  ozone-concentration maximum a t  about 40 km 

p r e d i c t e d  by P a e t z o l d ' s  a n a l y s i s .  Because of the importance of ozone i n  p l ane ta ry  

atmospheres, t h e  system of photochemical r e a c t i o n s  l ead ing  t o  t h e  equ i l ib r ium 

concen t r a t ions  of ozone has  been re-examined t o  b e t t e r  comprehend t h e ' i m p l i c a t i o n s  

of t h i s  d i screpancy .  

Photochemical Scheme f o r  Calculations o f  the 
Vert ical  Distribution of  Atmospheric Ozone 

F i r s t  c o n s i d e r a t i o n  i s  g iven  t o  t h e  scheme of Wulf and Deming invo lv ing  

r e a c t i o n s  (1) through (4) which w i l l  hencefor th  be r e f e r r e d  t o  as t h e  & r e a c t i o n  

system. L e t  nl, n2 ,  n3, and n be  t h e  number d e n s i t i e s  of 0 ,  02, 03, and M ,m 
r e s p e c t i v e l y .  Then, under cond i t ions  of photochemical equ i l ib r ium,  t h e  r a t e  of 

change of t h e  concen t r a t ions  of t h e  va r ious  compounds of oxygen w i l l  be given by: 

dnl- = 2 a n  + a 3 n 3 - k n n n  - k n n  = O
d t  2 2  2 1 2 m  3 1 3  

dn2 - - - a 2 n 2 + a n  3 3  - k n n n  + 2 k n n  = O  (7)d t  2 1 2 m  3 1 3  

dn3 - - a 3 n 3 + k n n n  - k n n  = O  .-
d t  2 1 2 m  3 1 3  

3 



These three equa t ions  are n o t  independent  s i n c e  c o n t i n u i t y  of mass cons ide ra t ions  

r e q u i r e  t h a t  

E L +  2-+ dn3dn2 "dt- 0 
d t  d t  

By a l i n e a r  combinat ion of equa t ions  (6), (7), and (8), t h e  fo l lowing  two 

independent  equa t ions  are obta ined:  

a2n2 = k n n3 1 3  

When n1 is e l imina ted  from equat ions  (10) and (111, w e  o b t a i n  t h e  q u a d r a t i c  equa t ion ,  

(3.3) n3' (.2k3n2)n3 - a2k2nmn2 = o  . 
I n  most prev ious  s t u d i e s ,  n 3 has  been c a l c u l a t e d  from equa t ion  (12) as a f u n c t i o n  

of a l t i t u d e  t o  g ive  a v e r t i c a l  p r o f i l e  of ozone c o n c e n t r a t i o n ,  u s ing  an  assumed 

v e r t i c a l  d i s t r i b u t i o n  f o r  t h e  equ i l ib r ium va lues  of n2 .  I n  t h e  terrestrial 

atmosphere, t h i s  procedure has  been w e l l  e s t a b l i s h e d  f o r  c a l c u l a t i n g  t h e  photo

chemical  equ i l ib r ium d i s t r i b u t i o n  of ozone i n  t h e  s t r a t o s p h e r e ,  where most of t h e  

atmospheric  ozone is known t o  e x i s t .  However, l i m i t e d  knowledge of t h e  composi t ion 

of t h e  atmospheres of o t h e r  p l a n e t s  prevents  t h e  a p p l i c a t i o n  of such a s i m p l i f i e d  

scheme as t h e  4- reac t ion  system t o  s t u d i e s  of t h e  ozone d i s t r i b u t i o n  i n  those  

p l a n e t a r y  atmospheres. The e a r t h ' s  atmosphere, w i t h  oxygen as a major c o n s t i t u e n t ,  

is dec idedly  d i f f e r e n t  from t h e  atmospheres of Mars and Venus, f o r  example, which 

are now regarded t o  b e  composed most ly  of carbon d iox ide ,  con ta in ing  only traces 

of oxygen. Thus, a technique  which has  been s u c c e s s f u l  i n  s t u d i e s  of t h e  observed 

temporal  and s p a t i a l  v a r i a t i o n s  of t h e  ozone d i s t r i b u t i o n  i n  our  atmosphere should 

n o t  b e  expected t o  apply  wi th  equa l  success  t o  t h e  atmospheres of o t h e r  p l a n e t s .  

One a s p e c t  of t h e  4- reac t ion  system t h a t  i s  p a r t i c u l a r l y  d i s t u r b i n g  f o r  s t u d i e s  of 

t h e  ozone d i s t r i b u t i o n  is when equat ions  (10) and (11) are so lved  t o  e l i m i n a t e  e i t h e r  

n2 o r  n 3' 
Then, t h e  r e s u l t i n g  q u a d r a t i c  equa t ion  i n  n 1' 

(c2k3nm)n: - (D2k3)n1 - a2a3 = 0 
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is independent of l o c a l  concen t r a t ions  of t h e  o t h e r  oxygen compounds. This imp l i e s  

t h a t  nl, n2,  and n 3 are no longe r  i n  equ i l ib r ium,  c o n t r a d i c t i n g  t h e  assumption of 

equ i l ib r ium cond i t ions  t h a t  l e d  t o  t h e  d e r i v a t i o n  of  equa t ion  (13) .  This  cont ra 

d i c t i o n  would i n d i c a t e  t h a t  t h e  4- reac t ion  system does n o t  r e p r e s e n t  a p h y s i c a l l y  

s t a b l e  condi t ion .  Then, t h e  ques t ion  arises: why h a s  t h e  4- reac t ion  system been 

s u c c e s s f u l  i n  c a l c u l a t i n g  photochemical equ i l ib r ium d i s t r i b u t i o n s  i n  t h e  Ea r th ’ s  

s t r a t o s p h e r e ?  This  equa t ion  p r e d i c t s  t h a t  t h e  number of oxygen atoms is determined 

only by t h e  r e a c t i o n  rate cons tan t s ,  t h e  l o c a l  number d e n s i t y  of a l l  a tmospheric  

molecules ,  and t h e  p r o b a b i l i t i e s  of d i s s o c i a t i o n  of oxygen and ozone molecules .  I n  

s p e c i a l  ca ses ,  as t h e  Ea r th ’ s  s t r a t o s p h e r e ,  a2 and a 3 can  provide  an  i n d i r e c t  coupl ing  

wi th  t h e  columnar number d e n s i t i e s  of O 2  and 0 
3 

above t h e  g iven  a l t i t u d e  which, 

i n  t u r n ,  would b e  approximately p r o p o r t i o n a l  t o  t h e  l o c a l  va lues  of n2 and n 3’ 
The va lues  of a2 and a3 are eva lua ted  by i n t e g r a t i n g  over  wavelengths  X express ions  

of t h e  form 

0 

2424  A
f 

and 

where a2 and a3 are, r e s p e c t i v e l y ,  t h e  abso rp t ion  c ros s - sec t ions  of O 2  and 0 
3’ and @ 

is t h e  s o l a r  f l u x  a t  t h e  a l t i t u d e  z .  For t h e  case  i n  which t h e  only  absorb ing  

c o n s t i t u e n t s  of t h e  atmosphere a r e  02 and 0 
3’ 

t h e  s o l a r  f l u x  a t  normal inc idence  

can b e  eva lua ted  from t h e  expres s ion  
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where 0- is t h e  s o l a r  f l u x  a t  t h e  "top" of t h e  atmosphere. I f  t h e  columnar number 

d e n s i t i e s  of 02 and 03 are l a r g e  enough t o  a f f e c t  t h e  numerical  v a l u e  of t h e  

exponen t i a l  f a c t o r  i n  equa t ion  (16), as is  t r u e  i n  t h e  E a r t h ' s  s t r a t o s p h e r e ,  an  

i n d i r e c t  coupl ing,  as desc r ibed  above, is poss ib l e .  However, f o r  columnar d e n s i t i e s  

of O2 and 03 t h a t  are smaller than  i n  t h e  E a r t h ' s  s t r a t o s p h e r e ,  t h e  coupl ing no 

longe r  e x i s t s  and t h e  c o n t r a d i c t i o n  i s  p resen t .  For example, t h e  equ i l ib r ium number 

d e n s i t y  of  oxygen atoms c a l c u l a t e d  from equa t ion  (13) a t  100 km i n  t h e  terrestrial  

atmosphere would b e  approximately 2 orde r s  of  magnitude h i g h e r  t han  n t h e  a c t u a l  m y  
number dens i ty  of a l l  a tmospheric  molecules .  The c o n t r a d i c t i o n  w i l l  a l s o  b e  p r e s e n t  

f o r  p l ane ta ry  atmospheres i n  which 02 and 03 are no longe r  t h e  major absorbers  of t h e  

s o l a r  r a d i a t i o n .  I n  t h a t  case, equat ion  (16) would b e  r e w r i t t e n  w i t h  e x t r a  terms i n  

t h e  exponent ia l  f a c t o r  which may b e  much l a r g e r  t han  t h e  terms t h a t  are r e l a t e d  t o  

abso rp t ion  by O2 and 03 s o  t h a t  t h e  coupl ing might aga in  b e  des t royed .  S ince  t h e  

atmospheres of Mars and Venus, f o r  example, have oxygen p resen t  only as a t r a c e  

c o n s t i t u e n t ,  i t  would b e  expected t h a t  t h e  4- reac t ion  system is u n s u i t a b l e  f o r  

c a l c u l a t i n g  equ i l ib r ium ozone concen t r a t ions  i n  t h e  atmosphere of t h e s e  p l a n e t s .  

I n  o rde r  t o  assess t h e  problem i n  more d e t a i l ,  ano the r  a s p e c t  of t h e  4- reac t ion  

system is  considered.  I n  t h i s  p a r t  of t h e  a n a l y s i s ,  an  equa t ion  f o r  conserva t ion  of 

mass is in t roduced ,  

N

where n, is  a cons tan t  which may b e  regarded as an o r i g i n a l  number d e n s i t y  of oxygen
L 

molecules which, under photochemical a c t i o n ,  has  formed oxygen atoms , oxygen molecules , 
and ozone molecules. By combining equat ions  (10) , (11), and (17), an  equat ion  f o r  t h e  

l o c a l  ozone concen t r a t ion  i s  obta ined:  

6 



Solu t ion  of t h i s  equa t ion  f o r  t h e  ozone number dens i ty  r e q u i r e s  a knowledge of t h e  

number d e n s i t y  of oxygen atoms. By e l imina t ing  n2 and n 3 from equat ions  (10), (11), 
and (17) , t h e  fo l lowing  is  obta ined:  

which, a t  f i r s t  g lance ,  would appear  t o  b e  coupled t o  t h e  number of oxygen atoms 

a v a i l a b l e  f o r  e s t a b l i s h i n g  a cond i t ion  of photochemical equ i l ib r ium.  However, t h i s  

equat ion  can b e  f a c t o r e d  i n  t h e  form 

This  r e s u l t  aga in  c o n t r a d i c t s  t h e  assumption of photochemical equi l ibr ium.  A 

s o l u t i o n  based  on t h e  f i r s t  f a c t o r  is i d e n t i c a l  w i t h  t h e  s o l u t i o n  f o r  equa t ion  (13) 

which has  a l r eady  been determined t o  b e  con t r a ry  t o  t h e  phys ica l  meaning of equ i l ib r ium 

concen t r a t ions  of oxygen compounds. The s o l u t i o n  based  on t h e  second f a c t o r ,  

n = 2z2, r e p r e s e n t s  complete d i s s o c f a t i o n  of t h e  a v a i l a b l e  oxygen compounds which, 

aga in ,  c o n t r a d i c t s  t h e  assumption of photochemical equ i l ib r ium.  Thus , a conserva t ion  

of m a s s  r e l a t i o n  cannot b e  inco rpora t ed  meaningful ly  i n t o  t h e  s o l u t i o n  of t h e  4

r e a c t i o n  system. I n  v i e w  of t h e  foregoing  d i scuss ion ,  i t  has  been concluded t h a t  t h e  

&reac t ion  system should  no t  b e  app l i ed  wi thout  r e s e r v a t i o n  f o r  c a l c u l a t i o n s  of t h e  

ozone d i s t r i b u t i o n  of o t h e r  p l a n e t s  and t h a t  i n v e s t i g a t i o n s  based  on such c a l c u l a t i o n s  

( s e e ,  f o r  example, Pae tzo ld  ( r e f .  5) who s t u d i e d  t h e  Mar t ian  atmosphere and Fabian 

and Libby ( r e f .  7) who s t u d i e d  t h e  Cytherean atmosphere) should b e  reana lyzed  w i t h i n  

t h e s e  l i m i t a t i o n s .  
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The system c o n s i s t i n g  of r e a c t i o n s  (1) through (5) and, hence fo r th ,  r e f e r r e d  t o  

as t h e  5- reac t ion  system is now considered.  As b e f o r e ,  t h e  s o l u t i o n  of t h e  equat ions  

f o r  t h e  ra te  of change of nl, n2, and n 3 f o r  equ i l ib r ium condi t ions  l eads  t o  two 

independent  equa t ions ,  

2o n  = k n n  + k n n
2 2  3 1 3  5 1 m  

and 

k n n n  + k n n2a n  + o n  = 
2 2  3 3  2 1 2 m  5 1 m  

Equations (21) and (22) ,  a long  wi th  t h e  conserva t ion  of m a s s  r e l a t i o n  r ep resen ted  by  

equa t ion  (17) , are then  a v a i l a b l e  f o r  so lv ing  f o r  equ i l ib r ium number d e n s i t i e s  of t h e  

oxygen compounds. These equa t ions  may b e  combined t o  g i v e  t h e  fo l lowing  express ion  

f o r  t h e  number d e n s i t y  of ozone: 

3 2  
- k 2 k 5 n l n ~  

n3 - 02a3 + a2k3nl - k2k3n:nm 

If n2 and n3 are e l imina ted  from t h e  equat ions  d e s c r i b i n g  t h e  5- reac t ion  system, a 

cub ic  equa t ion  i n  n1 r e s u l t s :  

2 

k\k2k3nm - 3k2k5ni - 2k3k5nm) n: - (a 2 3  + 2k2k3nz2  + 2a3k5nm) n 1 

- (a203 - 2 a 2 k F Z )  nl + 2a20p2 = 0 
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The s o l u t i o n  of equa t ion  (24) is  coupled t o  t h e  a v a i l a b l e  oxygen as w e l l  as t h e  o t h e r  

photochemical parameters  and, t h e r e f o r e ,  p rovides  t h e  coupl ing mechanism f o r  t h e  

d e s i r e d  cond i t ion  of  equi l ibr ium.  Thus, t h e  5- reac t ion  system is t o  b e  p r e f e r r e d  

s i n c e ,  u n l i k e  t h e  4- reac t ion  system, it does no t  con ta in  an i m p l i c i t  c o n t r a d i c t i o n  of 

t h e  assumed state of equi l ibr ium.  Furthermore, i n c l u s i o n  of r e a c t i o n  (5) h a s  t h e  

advantage of  i n c r e a s i n g  t h e  g e n e r a l i t y  of t h e  technique  f o r  u s e  i n  explora tory  i n 

v e s t i g a t i o n s  of photochemical equ i l ib r ium d i s t r i b u t i o n s  of ozone i n  t h e  atmosphere of 

o t h e r  p l a n e t s .  Of course ,  t h e  5- reac t ion  system is  s t i l l  no t  as gene ra l  as a 

comprehensive a n a l y s i s  of a l l  p o s s i b l e  r e a c t i o n s  such as t h e  s tudy  of t h e  photochemistry 

of a CO2 atmosphere conducted by McElroy and Hunten ( r e f .  8).  However it i s  poin ted  

o u t  t h a t ,  f o r  t h e  lower atmosphere of Mars from t h e  s u r f a c e  t o  about  60 km, McElroy 

and Hunten assumed, as has  been assumed he re ,  t h a t  t h e  r e l a t i v e  concen t r a t ion  of O 2  

i s  cons tan t  w i t h  a mixing r a t i o  of  While t h e  5- reac t ion  system does no t  provide  

t h e  amount of i n s i g h t  a s  a comprehensive s tudy  of t h e  mechanisms which main ta in  t h i s  

mixing r a t i o ,  i t  does no t  have i n t r i n s i c  va lue  f o r  c a l c u l a t i o n s  of t h e  ozone d i s t r i 

b u t i o n  i n  t h e  lower atmosphere of Mars; and, t h e r e f o r e ,  such c a l c u l a t i o n s  have been 

performed based on t h e  r e s u l t s  of t h e  Mariner 4 o c c u l t a t i o n  experiment as w e l l  as 

t h e  more r ecen t  r e s u l t s  from Mariners  6 and 7. 

Calculations o f  the Ozone Distribution 
in the Atmosphere of  M a r s  

Calcu la t ions  of t h e  v e r t i c a l  d i s t r i b u t i o n  of ozone i n  t h e  atmosphere of Mars 

based on t h e  4 - r eac t ion  system and on t h e  5- reac t ion  system have been r epor t ed  by 

Pae tzo ld  ( r e f .  5) and Marmo e t  a l .  ( r e f .  6 ) ,  r e s p e c t i v e l y .  On t h e  b a s i s  of t h e  

previous d i scuss ion ,  t h e  r e s u l t s  of Marmo and h i s  c o l l a b o r a t o r s  are more r e l i a b l e .  

However, t h e i r  a tmospheric  model has  a s u r f a c e  p r e s s u r e  of 25 mb and p a r t i a l  p re s su res  

of 470 m STP f o r  n i t r o g e n ,  55 m STP f o r  carbon d iox ide ,  and 70 c m  STP f o r  oxygen i n  

accordance wi th  t h e  r e s u l t s  of Kaplan e t  al .  ( r e f .  9 )  and a tempera ture  p r o f i l e  w i th  
0 0 
a s u r f a c e  tempera ture  of 250 K, a l a p s e  rate of 2.9 K p e r  km, and i so the rma l  

cond i t ions  above 30 km i n  accordance wi th  t h e  r e s u l t s  of S c h i l l i n g  ( r e f .  10) .  This  

a tmospheric  model is now outda ted ;  fur thermore ,  s o l a r  r a d i a t i o n  w a s  l i m i t e d  t o  t h e  
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s p e c t r a l  reg ion  1750 t o  3000 A i n  t h e i r  c a l c u l a t i o n s .  For t h e s e  reasons ,  it is  now 

p o s s i b l e  t o  provide  b e t t e r  d a t a  of t h e  ozone d i s t r i b u t i o n  of t h e  atmosphere of Mars. 

Using an  atmospheric  model based  on t h e  r e s u l t s  of Mariner  4 r a d i o  o c c u l t a t i o n  

experiment ( r e f .  11) and a computer program incorpora t ing  an i t e r a t i o n  procedure t o  

o b t a i n  s e l f - c o n s i s t e n t ,  s t e a d y - s t a t e  d i s t r i b u t i o n s  of  ozone based  on t h e  5- reac t ion  

system, c a l c u l a t i o n s  of t h e  ozone con ten t  of t h e  Mar t ian  atmosphere have been 

performed. I n  t h e s e  c a l c u l a t i o n s ,  no d i s t i n c t i o n  h a s  been made between O (  1D) and 

O (  3P) atoms as O (  1D) are no t  p re sen t  below about  50 km ( r e f .  8), t h e  a l t i t u d e  i n t e r e s t  

of ou r  major concern. The numerical  d a t a  summarized i n  Table  I were used f o r  t h e  

c a l c u l a t i o n s .  The composi t ion of t h e  atmosphere w a s  taken  t o  b e  99.9 percent  carbon 

d ioxide  and 0 . 1  pe rcen t  oxygen. V e r t i c a l  p r o f i l e s  of 0 ,  02, and O 3  are shown i n  

f i g u r e  1. S o l i d  l i n e s  i n d i c a t e  c a l c u l a t e d  p r o f i l e s  based  on t h e  5 - r eac t ion  system 

and t h e  dashed l i n e s  i n d i c a t e  p r o f i l e s  based on t h e  4- reac t ion  system. The p r o f i l e s  

f o r  0 g raph ica l ly  p o r t r a y  t h e  problem regard ing  t h e  4- reac t ion  system. For t h e  

5- reac t ion  system, 0 p r o f i l e s  i n c r e a s e  wi th  a l t i t u d e  t o  t h e  p o i n t  a t  about  65 km a t  

which almost complete d i s s o c i a t i o n  of O 2  has occurred  ( n l z 2 z 2 ) .  However, t h e  0 

p r o f i l e  f o r  t h e  4- reac t ion  system i n c r e a s e s  a t  a much f a s t e r  ra te  and exceeds t h e  

va lue  of nm, which is taken  t o  b e  t h e  number dens i ty  of  a l l  a tmospheric  molecules 

a t  a l t i t u d e s  somewhat above -60 km. For t h e  5- reac t ion  system, t h e  0 3 number dens i ty  

decreases  monotonical ly  wi th  a l t i t u d e  and has  an e n t i r e l y  d i f f e r e n t  p r o f i l e  than  t h e  

4- reac t ion  system. Thus, t h e  maximum concen t r a t ion  of Mart ian ozone i s  expected a t  

t h e  s u r f a c e  of t h e  p l a n e t .  Although t h e  s i g n i f i c a n t  d i f f e r e n c e s  i n  a tmospheric  models 

r e s u l t s  i n  a s u r f a c e  number d e n s i t y  of ozone t h a t  i s  over  an o r d e r  of magnitude smaller 

than  t h a t  c a l c u l a t e d  by Marmo e t  a l .  ( r e f .  6) , i t  i s  concurred t h a t  an ozone maximum 

e x i s t s  a t  t h e  s u r f a c e  of t h e  p l a n e t .  This is i n  disagreement  wi th  t h e  r e s u l t s  of 

Pae tzo ld  ( r e f .  5) which i n d i c a t e d  an ozone maximum a t  an  a l t i t u d e  of about 40 km, 

based on t h e  4- reac t ion  system and an atmospheric  model s i m i l a r  t o  t h a t  used by Marmo 

and h i s  co-workers. 

Add i t iona l  c a l c u l a t i o n s  were performed t o  determine t h e  e f f e c t  of vary ing  t h e  

parameters  used i n  t h e  model. None of t h e  parameter  v a r i a t i o n s  y i e l d e d  maximum 

concen t r a t ions  of ozone a t  some a l t i t u d e  above t h e  s u r f a c e  of t h e  p l a n e t .  The e f f e c t  

of lowering t h e  con ten t  of carbon d iox ide  t o  80 percent  w i th  19.9 pe rcen t  argon o r  

n i t r o g e n  and 0 . 1  pe rcen t  oxygen w a s  t o  i n c r e a s e  t h e  ozone concen t r a t ions  a t  a l l  
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a l t i t u d e s  by about 20 pe rcen t  w i thou t  apprec iab ly  a l t e r i n g  the shape of t h e  p r o f i l e .  

When t h e  oxygen con ten t  w a s  i nc reased  t o  1 percen t  w i t h  99 pe rcen t  carbon d ioxide ,  

t h e  ozone concen t r a t ions  w e r e  i nc reased  by a f a c t o r  of about 2;  a s i m i l a r  i n c r e a s e  

w a s  found f o r  an atmosphere of 80 pe rcen t  carbon d ioxide ,  19  pe rcen t  argon o r  

n i t rogen ,  and 1 percen t  oxygen. I n  a d d i t i o n ,  t h e  e f f e c t  of l i m i t i n g  t h e  s p e c t r a l  
0 

f l u x  t o  t h e  1750-3000 A wavelength i n t e r v a l  t o  match t h e  c a l c u l a t i o n s  of Marmo 

et a l .  ( r e f .  6) w a s  i n v e s t i g a t e d .  The r e s u l t i n g  numerical  va lues  f o r  t h e  ozone 

number d e n s i t i e s  w e r e  about  twice t h o s e  obta ined  by us ing  t h e  s o l a r  f l u x  from 
0 

1350-7100 A. This  d iscrepancy  can b e  a t t r i b u t e d  mainly t o  t h e  d i s s o c i a t i o n  of ozone 

by r a d i a t i o n  i n  t h e  v i s i b l e  p a r t  of t h e  s o l a r  spectrum. 

F i n a l l y ,  a tmospheric  parameters  ob ta ined  from Mariner  6 and 7 r a d i o  o c c u l t a t i o n  

d a t a  have been u t i l i z e d  f o r  c a l c u l a t i o n s  of t h e  ozone d i s t r i b u t i o n  i n  t h e  Mart ian 

atmosphere. The r e s u l t s  of  t h e s e  c a l c u l a t i o n s  a r e  d isp layed  i n  f i g u r e  2 as v e r t i c a l  

p r o f i l e s  of 0 ,  02, and 03 from t h e  s u r f a c e  of Mars t o  an a l t i t u d e  of 35 km. The 

atmospheric  parameters  used i n  t h e  c a l c u l a t i o n s  a r e  those  presented  by Rasool e t  a l .  

( r e f .  12)  f o r  t h e  Mariner  6 and Mariner  7 e n t r y  d a t a  which correspond t o  daytime 

condi t ions  a t  low and h igh  l a t i t u d e s ,  r e s p e c t i v e l y .  Resu l t s  ob ta ined  from Mariner 4 

d a t a  are a l s o  d i sp layed  f o r  comparison; i t  is noted  t h a t  t h e  Mariner  6 and 7 r e s u l t s  

are no t  s u b s t a n t i a l l y  d i f f e r e n t ,  w i t h  t h e  except ion  of t h e  c a l c u l a t e d  ozone concen

t r a t i o n s  nea r  t h e  s u r f a c e .  I n t e g r a t e d  t o t a l  ozone amounts are c a l c u l a t e d  t o  b e  

1.4 x 7.7 x and 8.8 x cm STP f o r  atmospheres corresponding,  

r e s p e c t i v e l y ,  t o  Mariner  4 ,  6 ,  and 7 r e s u l t s .  It i s  po in ted  o u t ,  p a r t i a l l y  t o  g i v e  

subs t ance  t o  t h e  n e g l e c t  of photochemical r e a c t i o n s  invo lv ing  CO 2 and CO f o r  ca l 

c u l a t i o n s  of equ i l ib r ium concen t r a t ions  of ozone, t h a t  t h e  c a l c u l a t e d  t o t a l  ozone 

amounts are i n  e x c e l l e n t  agreement w i t h  observa t ions  of t h e  t o t a l  ozone i n  t h e  

Mart ian atmosphere. The Mariner 6 and 7 u l t r a v i o l e t  spec t rometer  experiment de t ec t ed  

ozone i n  t h e  Mart ian atmosphere ( r e f .  13). Data from t h e s e  measurements i n d i c a t e d  

a t o t a l  ozone amount t h a t  w a s  a l s o  about  3 o r d e r s  of magnitude less than  found on 

e a r t h .  These c a l c u l a t i o n s ,  t h e r e f o r e ,  co r robora t e  t h e  measurements of ozone i n  t h e  

Mart ian atmosphere. 
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TABLE I. - PARAMETERS USED AND THEIR SOURCES 

PARAMETERS SOURCES 
-

Mariner 4 

Surface  temperature  

(a)  A l l  C02 -- 180°K 

(b)  80% C 0 2  and 20% N2 and/or  A r  -- 175'K 

Surface  number dens i ty  

( a )  A l l  C02  -- 1.9 x 1 01 7  cm-3 Fjeldbo e t  a l .  

( r e f .  11) 

(b) 80% C02  and 20% N2 and/or  

A r  -- 2 . 1  x 101 7  cm-3 

Surface  scale he igh t  -- 9.0 k m  

Temperature and d e n s i t y  p r o f i l e s  

Mariner 6 

Surface  temperature  -- 250°K 

Surface  number dens i ty  -- 1 . 7  x 101 7  cm-3 Rasool e t  a l .  

( r e f .  12) 

Sur face  s c a l e  he igh t  1 2 . 5  km 

Temperature and dens i ty  p r o f i l e s  
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TABLE I. - PARAMETERS USED AND THEIR SOURCES - Continued 

~ _ _  

PARAMETERS 

MARINER 7 

Surf ace  temperature  -- 224OK 

Surface  number d e n s i t y  -- 1 . 6  x 101 7  cm-3 

Surface  s c a l e  h e i g h t - - 11.2 km 

Temperature and dens i ty  p r o f i l e s  

Oxygen mixing r a t i o  -- 10-3 

S o l a r  f l u x  on t h e  top  of E a r t h ' s  atmosphere 
0 

i n  1350-7100 A r eg ion  

0 

7100 - 3000 	A 

0 

3000 - 2500 	A 

0 

2500 - 1500 A 

0 

1500 - 1350 A 

Average d i l u t i o n  f a c t o r  t o  account f o r  

diminut ion of s o l a r  f l u x  i n  v i c i n i t y  

of Mars -- p = 0.4307 

SOURCES 

Rasool e t  a l .  

( r e f .  12) 

Bel ton & Hunten 

( r e f .  14) 

McElroy & Hunten 

( r e f .  8) 

Craig ( r e f .  4) 

Johnson ( r e f .  15) 

Detwi le r  e t .  a l .  

( r e f .  16) 

Watanabe ( r e f .  17)  

13 



TABLE I. - PARAMETERS USED AND THEIR SOURCES - Continued 

Absorpt ion c ros s  s e c t i o n s :  

0 

02: 2800 - 2000 A 

0 

2000 - 1750 A 

0 

1750 - 1350 A 

C02: 2200 - 1750 

n 

1750 - 1350 

0 

0 3 :  7100 - 3000 A 

0 

3000 - 2000 A 

0 

2000 - 1350 A 

Pho tod i s soc ia t ion  y i e l d  f a c t o r s  f o r  oxygen 

and ozone -- assumed t o  b e  u n i t y  

R a t e  cons t an t s  

-34
k2 = 5.5 x 10 ( T / ~ O O ) - ~ ’ ~cm6 molec 

k 3 = 1 . 4  x exp(-1500/T) cm3 molec 

-33
k5 = 3.0 x 10 ( ~ / 3 0 0 ) - ~ ”cm6 molec 

Shardanand ( r e f .  18) 


Gast ( r e f .  19) 


Watanabe ( r e f .  20) 


Fabian & Libby ( r e f .  7) 


Watanabe et  a l .  ( r e f .  21) 


Craig ( r e f .  4 )  


Inn  & Tanaka ( r e f .  22) 


Watanabe e t  a l .  ( r e f .  21) 


-2 -1 
s e c  

-1 -1 

s e c  

Kauf man 

-2 -1 ( r e f .  23)
s e c  
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Figure 1 -	 Comparative p r o f i l e s  of oxygen compounds ca lcu la ted  from t h e  4-react ion and 
t h e  5-react ion systems f o r  a model atmosphere based on the  r e s u l t s  of t h e  
Mariner 4 occul ta t ion  experiment. 
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Figure 2 -	 Comparative p r o f i l e s  o f  oxygen compounds c a l c u l a t e d  from t h e  5 - r eac t ion  
system �or model atmospheres based on t h e  r e s u l t s  o f  t h e  Mariner 4, 6 ,  
and 7 o c c u l t a t i o n  experiments.  
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